INTRODUCTION
Physiological mechanisms underlying the development of form deprivation myopia are largely unknown. It has become increasingly apparent that visual input and retinal mechanisms play a major role in normal ocular growth, refractive development and response to form deprivation in both primate and avian species. During the critical post-hatch period in chickens, manipulations of form and pattern vision result in abnormal axial elongation of the eye and refractive myopia (Wallman, Turkel & Trachtman, 1978; Yinon, Rose & Shapiro, 1980; Lauber, 1987) . Excessive elongation of the vitreous chamber is the primary cause of the observed myopia (Wallman et al., 1978) . Restoration of normal vision leads to rapid reduction in myopia, through a virtual cessation of vitreous chamber growth, while the other ocular components continue to grow (Wallman & Adams, 1987) .
Mechanisms underlying this vision dependent process in chick appear to reside mainly within the eye itself. Form deprivation myopia still develops following optic nerve section (Troilo, Gottlieb & Wallman, 1987; Wildsoet & Pettigrew, 1988a) , lesion of the midbrain accommodation nuclei (Troilo & Wallman, 1991) , section of the ciliary *School of Optometry, University of New South Wales, PO Box 1, Kensington, NSW 2033, Australia [Email d.crewther@unsw. edu.aul . tTo whom all correspondence should be addressed.
nerve (Wallman, Rosenthal & Adams, 1981; Wildsoet & Howland, 1991; Wildsoet, Howland, Falconer & Dick, 1993) or blockade of ganglion cell discharge with tetrodotoxin (Shih, Fitzgerald & Reiner, 1993a) . Visiondependent regulation of eye growth operates in a spatially localized way within the eye as shown by partial occlusion experiments (Hodos & Kuenzel, 1984; Wallman, Gottlieb, Rajaram & Fugate-Wentzek, 1987; . Further evidence that local retinal activity is an important factor in regulating ocular growth in chick is that form deprivation myopia is reduced when chicks are reared with translucent occluders under stroboscopic illumination --a flash frequency of 10-20 Hz being most effective. This effect also occurs in chicks whose optic nerves have been surgically sectioned (Brennan, Squires, Napper & Vingrys, 1993) .
Central mechanisms appear to be involved in the fine control of chick ocular growth (Troilo et al., 1987) as an intact optic nerve is required for normal postnatal eye growth. Chick eyes with sectioned or inactivated optic nerves remain more hypermetropic than normal eyes (Troilo et al., 1987; Shih et al., 1993a) .
The role of retinal activity in eye growth and refractive development has been investigated pharmacologically with a variety of neurotoxins which preferentially lesion different retinal elements. Kainic acid (Wildsoet & Pettigrew, 1988b) , quisqualic acid and tunicamycin 2075 (Ehrlich, Sattayasai & Zappia, 1990) , gliotoxins D-and L-~-aminoadipate (Crewther & Crewther, 1990) , dopamine agonists and antagonists (Stone, Lin & Laties, 1989; Rohrer, Spira & Stell, 1993) , muscarinic agents (McBrien, Moghaddam & Reeder, 1993) and miscellaneous toxic chemicals such as 6-hydroxydopamine (Li, Schaeffel, Kohler & Zrenner, 1992) , sodium iodate, gentamycin and tetrodotoxin (Shih et al., 1993a) , alter the rate of chick eye growth and disrupt refractive development both in normal and occluded eyes. Stone and colleagues (Stone, Lin, Iuvone & Laties, 1990; Stone et al., 1989 ) also found reduced retinal levels of dopamine in form deprived chicks.
The impetus for the present investigation was a study by Oishi and Lauber (1988) into the effects of formoguanamine (2,4-diamino s-triazine) (FG) on form deprivation myopia in chick. Oishi and Lauber found that s.c. administration of FG prevented the axial elongation normally associated with monocular deprivation in animals that were behaviourally blind and in poor health (Oishi & Lauber, 1988; Lauber & Oishi 1990 ). We set out to see ifFG delivered in an intravitreal dose which neither caused sightlessness nor effected the growth rate of the animals, would still inhibit form deprivation myopia and also yield information about the retinal mechanisms involved in the development of refractive errors. This decision was based on the knowledge that systemic FG produces a condition known as hyperornithinemia, which in human is the biochemical cause of the hereditary degenerative retinal dystrophy known as gyrate atrophy. Typically, gyrate atrophy onset is between 15 and 45 yr when patients appear with symptoms of night blindness and an associated myopic shift. Mid-peripheral retinal pigment epithelial (RPE) changes follow with visual field loss. As the atrophy continues, scalloped bare patches of sclera (gyrate atrophy) appear. Retinal function persists for some time after abnormalities are apparent in the electroretinogram (ERG) (Kaiser-Kupfer & Valle, 1987) . It is known that at a biochemical level FG specifically decreases the activity of the mitochondrial enzyme, ornithine amino transferase, which is essential for the mitochondrial production of proline and glutamate. The ocular effects of systemic administration of FG are extensive structural degeneration of the RPE and photoreceptors and choroidal thinning (Obara, Matsuzawa, Kuba & Fujita, 1985) . The effects of FG on the vascular choroid are of particular interest in the light of recent evidence that changes in choroidal thickness occur in chick eyes deprived of form vision, and again on restoration of normal vision (Wallman, Xu, Wildsoet, Krebs, Gottlieb, Marran & Nickla, 1992; Wallman, 1993) . Choroidal blood flow (CBF) is also significantly reduced in chick eyes deprived of form vision (Shih, Fitzgerald, Norton, Gamlin, Hodos & Reiner, 1993d; Reiner, Fitzgerald & Hodos, 1991) .
Thus in the present study we sought to examine further the significance of the retinal and choroidal effects of FG, which accompany FG induced prevention of deprivation myopia as a means of elucidating the pathways underlying abnormal growth and refractive development due to visual deprivation.
The specific aims of the study were: 
METHODS

Subjects
Meat chicks (Gallus domesticus), 21 days old, of mixed sex were obtained from a commercial hatchery. They were housed in a temperature controlled chick brooder (31-35°C), with food and water ad libitum, in a 14hr light/10 hr dark cycle. Illumination of the brooder during light phase was 50 cd/m 2. Chicks were raised in accordance with the NH and MRC (Australia) guidelines.
Drug dosage and treatment protocols
FG was synthesized (Bredereck & Smerz, 1961) by the School of Chemistry at the University of New South Wales. The FG was dissolved in DS as it was found to be extremely insoluble in saline and unsuitable as a suspension for intravitreal injection through a 30 gauge needle. DS was chosen as the carrier because of its chemical properties and because its intravitreal effects have been investigated previously (Kharasch & Thyagarajan, 1983) .
The dose of FG used in these experiments was originally estimated from the systemic dose used by Obara et al. (1985) and Oishi and Lauber (1988) . Obara et al. measured dose-response curves on their animals to determine what dose induced blindness. They found that 50% of their animals went blind within 28--32 hr after a total injected volume of 10 mg of FG per 40 g chick and that 100% went blind after 20 mg per 40 g chick. Obara et al. also monitored ornithine aminotransferase activity (the mitochondrial enzyme necessary for the production of ornithine, the absence of which is thought to be responsible for the blindness) and found that it initially dropped to 65% and then began to rise towards normal levels after 4 days. We did not want to destroy the retinae of our animals so we chose four doses around 10 mg DEPRIVATION WITHOUT MYOPIA 2077 FG/g eye weight and experimentally determined the minimum intravitreal dose required to prevent form deprivation myopia in a 2 week pilot study. The duration of the effect of this dose of FG, when administered intravitreally was also determined experimentally.
Injections under anaesthetic every 2 days prevent the animals growing at a normal rate and an injection of FG every 6-7 days is not sufficient to prevent refractive myopia, as shown by retinoscopy and confirmed by ultrasound. Thus a schedule of intravitreal injections every 4 days, beginning on day 2, was established. Ocular refractions, axial ultrasonography and corneal videophotokeratoscopy were measured prior to the first injection and then again on day 16.
An ocular concentration of 1 mg FG/g eyeball weight was achieved in hatchling chicks by injecting 0.5 mg FG dissolved in 5/tl DS vehicle solution into the vitreous using a 50 #1 microsyringe equipped with a 30 gauge disposable needle, every 4 days beginning day 2 (the day after hatching). On day 14, drug doses were increased to 0.7 mg FG per volume injected of 7 ~tL DS to maintain effective vitreal concentrations at 1 mg FG/g eye weight.
A few chicks continued to receive FG injections after 14days. After day 20, drug doses were increased to 0.8 mg/0.8 ~tL DS to maintain a vitreal concentration of 1 mg FG/g eye weight as ocular volume increased. Chicks were anaesthetized prior to the injection procedure with 30 mg/kg ketamine and 3 mg/kg xylazine.
Experimental treatment groups
Twenty chicks (40 eyes) were used to investigate the effects of intravitreal FG injections on eye growth. One eye of each chick in the study received intravitreal injections of DS. Only 19 of these 20 eyes were included in the data analysis, constituting the DS treatment group (n --19). One eye was excluded as it developed a cataract before the study was completed. One normal chick was also raised under the same light/dark conditions and included in the study for histological comparison.
The fellow eye of each chick was assigned to one of the following treatment groups: DS injections + monocular occlusion (DS.MD eyes, n = 6); FG in DS (FG.DS eyes, n ---7); FG in DS + monocular occlusion (FG.DS.MD eyes, n = 7). Intravitreal injections of the drug mixtures were begun on day 2 and then administered every subsequent 4th day. Monocular occlusion of chicks in the DS.MD and FG.DS.MD groups was introduced on day 2. Occlusion was effected with a black thermoplastic hemispherical dome, glued to the periocular feathers with contact adhesive. Chicks were examined twice daily to check whether occluders had become detached.
Exposure to daylight conditions was limited to brief (5 min) intervals during intravitreal injections every 4th day, and to a further 20 min on day 16 when biometry and refraction measurements, were completed.
Pupillary reactions and visual behaviour
Between days 2 and 16, visual behaviour of several animals from the DS and FG.DS groups was assessed at a qualitative level by alternately covering the eyes of the chick, and then observing the animal's ability to detect and accurately peck at food pellets. The animals did not appear to be blind or distressed when using their FG.DS treated eyes. Pupillary reactions were also regularly observed whenever the animals were handled for injections, i.e. every 4 days. Pupil reactions of the FG.DS group were slightly more sluggish than for the DS group but definitely present.
Biometry
On days 2 and 16, ultrasonography, videophotokeratoscopy and retinoscopy were performed. During these procedures, chicks were anaesthetized with an i.m. mixture of ketamine (30 mg/kg) and xylazine (3 mg/kg).
Ocular dimensions were measured along the optic axis using A-scan ultrasound biometry (Xenotec AB303). Measurements were made when four spikes of maximal amplitude were obtained simultaneously. These spikes corresponded to the anterior corneal surface, anterior and posterior surfaces of the crystalline lens, and vitreoretinal interface. The probe was deliberately repositioned 4~5 times, and a total of 8-10 readings were averaged, to ensure reproducibility of measurements. The measurements recorded were: axial length (anterior corneal surface to anterior retinal surface); retina to anterior lens surface; vitreous chamber (VC) depth (from posterior lens surface to anterior retinal surface). The anterior chamber depth and lens thickness were then calculated from the above measurements.
The radius of corneal curvature was determined by videophotokeratoscopy. A placido disk was projected onto the cornea and photographed with a video camera. The optical image obtained was captured (PrismView) and stored on computer for later analysis. Corneal radius was determined by interpolation of graphs derived from photokeratoscopic images of steel ball-bearings of known radii of curvature. During photokeratoscopy and ultrasonography, the eyelids were held open with a multiple leg lid retractor, in order to minimize corneal astigmatism induced by handling.
Refraction
Refractive state was measured along the optic axis, by retinoscopy using racks of trial lenses. Cycloplegic agents were not instilled because the mixture of curare, atropine and benzalkonium chloride required to paralyse the striated avian ciliary muscle causes corneal damage, the integrity of which was required for photokeratoscopy and retinoscopy. Refractive state was calculated as equivalent spheres, and retinoscopic results were not modified to account for the small eye retinoscopic artefact (Glickstein & Millodot, 1970) .
Electroretinography
Full field flash ERGs were recorded from three of the biometrically assessed chicks to evaluate the effect of FG on retinal function. ERGs were recorded from two chicks from the FG.DS.MD treatment group (Chicks 1 and 2). Chick 1 was 17 days old, the FG.DS.MD eye having received a total dose of 1.7 mg FG, the last injection being 3 days before ERG recordings. Chick 2 was 21 days old, the FG.DS.MD eye having received a total of 2.4 mg FG, the last injection being one day before recordings. A third chick (Chick 3) was derived from the FG.DS treatment group, so that one eye was treated with FG in DS, the fellow eye receiving DS only. Recordings took place when Chick 3 was 37 days old, its FG.DS eye having received a total of 6.1 mg FG, the last injection being 1 day prior to recordings. Flash ERGs were also recorded from two 28-day-old chicks (Chicks 4 and 5) from the DS.MD group (one eye being treated with DS plus occlusion, the fellow eye receiving DS only).
ERGs were recorded simultaneously from both eyes of the five chicks. Anaesthesia was induced with an i.m. injection mixture of ketamine (52 mg/kg) and xylazine (5.2 mg/kg) and maintained throughout ERG recordings with ketamine (33 mg/kg/hr) and xylazine (3.3 mg/kg/hr) i.m. After induction of surgical anaesthesia, 5 % xylocaine was applied to the periorbital skin. A small incision above the superior fornix of each eye was made for insertion of reference electrodes. Eyelids were removed to prevent pupil obscuration and the cornea was regularly irrigated with isotonic saline. The occluder was removed from the deprived eye 30 min prior to recording. During this period, both eyes were light adapted.
ERG recordings took place in an electrically isolated Faraday cage. Head position was fixed by gluing the top beak to a small rigid metal bar. Body temperature was maintained at 40°C with a water blanket through which heated water was continuously circulated. Pupils were dilated to 4 mm diameter with a topical mixture of atropine, curare and benzalkonium chloride, which was applied at regular intervals (Wallman & Adams, 1987) . Although this solution does slightly disrupt the corneal epithelium, it is unlikely to have affected the flash ERG results. This is because firstly, a suprathreshold stimulus was used such that any associated slight reduction in corneal transparency and retinal illumination would have minimal effect on the retinal responses; secondly, because any reduction in corneal transparency would induce greater homogeneity of the retinal illumination as the cornea is acting as a diffuser. At the conclusion of experiments, animals were painlessly terminated with an i.p. injection of barbiturate (Lethobarb).
The active electrode consisted of an Ag/AgC1 wire inserted into the vitreous via an insulated catheter placement unit. The reference electrode was a retrobulbar silver chlorided silver plate. A s.c. Ag/AgC1 wire electrode on the chick's back served as a ground connection.
Light adapted a-and b-waves were recorded simultaneously from the vitreous chamber of both eyes. Flash ERGs were evoked with red superbright light emitting diodes (LEDs), peak transmission 660 nm. LEDs were placed 4 mm from the cornea, aligned with the optic axis. Light flashes of 600 cd/m 2 were presented at flash rates of between 0.2 and 1.5 Hz, duty cycle 1:1. LED luminance, in the plane of the cornea, was measured with a digital photometer (Tektronix J-16) and luminance probe (Tektronix J-6523). Prior to recording, the luminances of LEDs used to stimulate the two eyes were carefully matched using a photocell. Flash rate and intensity were controlled by a function generator.
LEDs were used to elicit ERGs because they possess a number of advantages over conventional xenon flash lamps (Hogg, 1991) . Red LEDs were used because they are the brightest commercially available LEDs. Despite the fact that the chick retina is relatively insensitive to longer wavelengths, the red superbright LEDs used in the study were sufficiently bright to elicit flash ERGs.
Electrical signals were d.c. amplified (500 x , unfiltered) and together with the output from the function generator were fed into a data acquisition board. The operating system was developed in a LabView environment to simultaneously acquire and analyse four channels of input.
Statistical analysis of biometric and refractive data
Biometric and refractive data on 39 eyes from 20 chicks were analysed using both paired and unpaired t-tests. Ethical constraints precluded the direct comparison of FG.DS.MD with DS.MD due to bilateral obstruction of vision, or FG-induced retinal damage in one eye coupled with occlusion of the fellow eye. Paired comparisons were performed on the within animal data, for the three experimental conditions (FG.DS, DS.MD and FG.DS.MD) against the control condition (DS) in the fellow eye. Unpaired t-tests were used to compare between animal data for the FG.DS, DS.MD and FG.DS.MD groups.
Statistical analysis of ERG results
ERGs recorded simultaneously from each chick were examined separately, each chick being treated as an individual experiment. This was done to avoid obscuring individual differences between chicks which might arise from variability of FG-induced effects, animal age, total FG dose received and time elapsed after last injection. For example, it was considered possible that ERG responses of Chick 3 might differ from those of other chicks because it was older, a factor known to affect ERG amplitude. Secondly, Chick 3 had received a greater total dose of FG, and the drug-induced retinal changes might have been more advanced.
ERG results were not analysed with parametric statistics because of low sample numbers. Descriptive statistics were determined, based on 10 ERG responses to the same stimulus, which were recorded (simultaneously) from both eyes.
The a-wave amplitude was measured from pre-stimulus potential to a-wave trough. The b-wave amplitude was measured from a-wave trough to b-wave peak. Implicit times of a-and b-waves were measured from light onset to a-wave trough and b-wave peak respectively.
Histology
Animals were sacrificed following refraction and biometry and the eyeballs were removed. Then the globes were immersion-fixed in 2.5% glutaraldehyde, 2.5% paraformaldehyde and 2% DS in 0.1M sodium cacodylate buffer for at least 1 hr in room temperature. The eyeball was opened along the ora serrata. Tissue was sampled by trephining buttons of retina/sclera from mid-peripheral inferior retina. The tissues were post-fixed in 2% osmium tetroxide for 1 hr. Samples were then dehydrated and embedded in epon-araldite. Following embedding, 1 #m transverse sections were cut and stained with Toluidine Blue. The mean thickness of retinal layers and the choroid of 10 transverse sections, derived from the inferior mid-peripheral region of the retinae of eyes of animals from each of the four experimental groups and normal controls, was measured under light microscopy.
RESULTS
Pupillary reactions and v&ual behaviour
The general behaviour of chicks, when they were forced to use the experimental eye, indicated that they were not functionally blind. Chicks with one FG.DS treated eye (not the MD eyes) appeared to be able to locate food pellets when the contralateral eye was covered. On all occasions tested, the FG treated eyes showed a direct pupillary light reflex though in some animals the light reflexes were slightly more sluggish than those observed in control DS treated eyes. Results of t-tests comparing body weight of chicks which received monocular FG injections (either FG.DS.MD or FG without deprivation), with chicks treated with DS only, revealed no significant differences between the two groups.
Biometric and refractive results
The results of retinoscopic and ultrasonographic measurements on days 2 and 16 indicate that deprivation induced myopia was almost eliminated in deprived FG chicks, an effect which cannot be attributed to the influence of the vehicle DS solution (see Fig. 1 and Table 1 ). Figure 1 compares group mean refractive states on day 16 and axial growth over the rearing period. Table 1 shows the means and variations for the various biometric parameters assessed, for the four experimental eye groups. The data include the final measurements at day 16 and also changes in the magnitude of axial ocular parameters between day 2 and day 16. Unpaired t-tests performed on the three groups of DS eyes (whose fellow eyes received FG.DS, DS.MD or FG.DS.MD) showed no significant differences for any of the biometric parameters measured. This indicates that the effects of occlusion or injection of the fellow eye with Average data (means + 1 SE) for the four groups of chicks eyes on measurements of refractive error, ocular component lengths and corneal radii of curvature on day 16. The changes in magnitude of axial ocular parameters between readings taken on day 2 and day 16 are also shown. The significance of the differences observed between groups for each of the parameters is indicated in the text.
FG were not transferred to the fellow eye to any great extent. The comparisons between the various experimental and control groups are detailed below.
DS vs DS.MD.
Means and SEs for biometric parameters measured at day 16 for DS treated eyes and DS.MD treated eyes are shown in Table 1 . DS.MD eyes exhibited the expected features of rearing with an occluder--ocular enlargement and high myopia. By day 16, axial lengths were significantly longer in DS.MD eyes compared to unoccluded DS eyes (mean difference 1.1 mm, paired t-test, P = 0.006, n = 5). DS.MD eyes were also significantly more myopic (P = 0.0008), there being a mean difference in refractive state of -18.6 D. The axial length effect was mirrored in the vitreous chamber results, with DS.MD eyes having significantly deeper vitreous chambers (P = 0.0052) and showing greater change in vitreous chamber length over the rearing period (P = 0.0052) than did DS eyes.
FG.DS vs DS. To determine whether FG (dissolved in DS) affected eye growth when compared to control eyes treated with DS alone, eyes from the FG.DS and DS groups were compared. Control and FG.DS treated eyes did not differ significantly in absolute dimensions or growth in any parameter measured. For example, the mean difference in axial lengths was only 0.0014 mm (paired t-test, P = 0.995, n = 7). At day 16, mean refractive error in the two groups did not differ significantly (mean difference = 0.5 D, P = 0.57). Both groups were slightly hypermetropic. These results suggest that intravitreal treatment with FG for a period of 2 weeks does not significantly alter eye growth or refractive development in normally reared animals.
FG.DS.MD ~,s DS.
Comparison of biometric and refractive parameters of the two eyes of the seven animals which were injected with DS in one eye and had the fellow FG.DS eye occluded, show that FG does prevent development of deprivation-induced refractive myopia, even when administered in doses which were insufficient to cause retinal blindness (DS, +3.2 + 0.7 D cf. FG.DS.MD, 0.76 _ 1.3 D, P = 0.07, paired t-test, n = 7). However, significant axial elongation was observed (mean difference = 0.44 mm, P = 0.016, n = 7), though not nearly as great as that induced by deprivation without the FG. The axial increase was largely due to a significant increase in vitreous chamber depth (paired t-test, P = 0.01, n = 7). There was a trend for thinner crystalline lenses in the FG.DS.MD eyes (P = 0.06). (A) and (B)] whereas both retina and choroid were reduced in thickness in the FG.DS eyes (95% and 50% of normal and DS controls respectively). Comparison of transverse sections from the two groups of occluded eyes with the normal and DS control showed significant choroidal thinning (40% in DS.MD eyes and 75% in the FG.DS.MD eyes), and retinal thinning in the form deprived control group DS.MD (15%) eyes but not in the FG.DS.MD sections. The only obvious change in the inner retina of 2 week DS.MD and FG.DS.MD groups was swelling observed in a population of (presumably) amacrine cells on the inner margin of the inner nuclear layer and a reduction in ganglion cell soma size. The plexiform and nuclear layers were clearly defined in all groups. Some vacuolization was noticeable in the optic fibre layer of the FG.DS and FG.DS.MD eyes. The scale bar indicates 20 pm.
DS.MD vs FG.DS.MD.
To determine whether intravitreal FG significantly alters induced axial elongation and refractive errors in occluded eyes, the FG.DS.MD group (n = 7) were compared (unpaired t-test) with the group of eyes which were occluded but received only vehicle solution (DS.MD group, n = 6). Monocularly deprived eyes treated with FG (FG.DS.MD eyes) were significantly less myopic at 16 days than monocularly deprived eyes injected with DS only (DS.MD eyes) (+0.76_+1.3D
cf. --15.2_+2.0D, P < 0.0001). The biometric correlate of this result was a significantly shorter axial length (P = 0.037) in FG.DS.MD eyes compared to DS.MD eyes, and a significantly smaller change in axial length over the rearing period (P < 0.02) in FG.DS.MD eyes compared to DS.MD eyes. However, the shorter axial length comes primarily from the significantly thinner lens (mean difference in lens thickness 0.3 mm, P = 0.05), and not from significant vitreous chamber shortening, although there was a trend in this direction (P = 0.17) (see Table 1 ).
FG.DS vs FG.DS.MD.
It was predicted that if FG completely inhibited the induction of monocular deprivation, then growth of eyes treated with FG dissolved in DS (FG.DS eyes) would not differ from that of occluded eyes which were treated with FG (FG.DS.MD eyes).
Results of unpaired t-tests show that the mean refractive state of FG.DS and FG.DS.MD eyes did not differ significantly from each other (see Table 1 ).
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However, FG.DS.MD eyes had significantly longer axial lengths (P<0.01) and showed significantly greater change in axial length over the rearing period (P < 0.02), compared to non-occluded FG eyes. Significantly greater vitreous chamber depth (P< 0.001) and increase in vitreous chamber length over the rearing period (P<0.001) in FG.DS.MD eyes were the main contributors to this difference in axial lengths. The significantly thinner crystalline lens in the FG.DS.MD group (P < 0.05) than in FG.DS eyes, may have offset the longer antero-posterior dimensions, such that there were no significant differences in refractive state between eyes from the two groups (P = 0.21).
Light microscopy
Eyes from the four groups were prepared for light microscopy at day 16 and, in order to ascertain the effects of the carrier solution (DS), a further normal animal from the same batch of chickens was included. The morphological effects of deprivation on eyes without drug treatment are presented elsewhere (Liang, Crewther, Crewther & Barila, 1995) . Light microscopic examination of Toluidine Blue stained transverse sections of the mid-peripheral regions examined in the day 16 retinae of all groups showed clearly defined plexiform and nuclear layers (see Fig. 2 ). The major sign of treatment induced structural damage was the marked reduction in choroidal thickness in the DS.MD, FG.DS and the FG.DS.MD eyes compared with DS and normal eyes, and the microscopic subretinal detachments seen in several of the FG.DS and FG.DS.MD animals.
As can be seen in a comparison of normal and DS treated eyes in Fig. 2 , DS treatment alone did not markedly alter either the thickness of the retina or choroid. While eyes in the normal group were characterized by choroidal vessels of open lumen, plus a well-defined choriocapillaris, the choroidal vessels in the eyes of DS treated animals were even rounder and more dilated. Choroidal vessels of the other three groups (DS.MD, FG.DS and FG.DS.MD) appeared flattened, with varying degrees of reduction in lumen diameter. Given the recent reports of reduction in choroidal thickness in monocularly deprived chicks, we were surprised to find the choroidal blood vessels of the FG.DS treated animals even more flattened than vessels in occluded DS eyes (DS.MD). The lumens of the large choroidal blood vessels of eyes in the FG treated groups were flattened and attenuated, with few blood cells to be seen. The lumens of the choriocapillaris vessels were almost totally obliterated. In several sections the choroid no longer retained any connections to the RPE. Mean choroidal thickness of the FG.DS eyes was half of that seen in either the DS or the normal group. Obara et al. (1985) also noted the significant choroidal changes in animals injected 10 days prior to sacrifice, suggesting that hyperornithinemia directly leads to choroidal collapse.
Quantification, under light microscopic conditions, of the thickness of the retina, density of photoreceptors and number of nuclear layers, showed that in DS treated eyes these parameters differed little from those seen in sections derived from the comparable retinal location from similarly aged normal chicks (Liang et al., 1995) . By comparison, marked changes were seen in retinal thickness in the FG.DS treated group. Retinal thickness was approx. 95% of that in the 2 week DS controls. The majority of the thickness reduction in the FG.DS eyes occurred between the outer limiting membrane and Bruch's membrane (80% of DS control). The most obvious change in many of the sections from the FG.DS eyes was the withdrawal of photoreceptors from the microvilli of the RPE cells in which they are normally embedded. The cones were more prominent and there appeared to be fewer extended rods than seen in any of the other groups but this could not be demonstrated statistically. There did not appear to be any change in the number of cell layers in the inner nuclear layer nor change in the inner plexiform layer. The axonal layer of the FG.DS group was reduced in thickness compared to normal and DS controls. A slight swelling of a sub-population of amacrine cells on the inner margin of the inner nuclear layer was also seen. The FG.DS treated chicks (both with and without occlusion) showed some vacuolization in the optic fibre layer, a feature not apparent in the other two groups.
Light microscopical analysis of both groups of monocular deprived eyes (DS.MD and FG.DS.MD) showed some retinal and choroidal thinning in the mid-peripheral region sampled. The choroidal thickness of the DS.MD was approx. 60% of that of eyes in the normal and DS groups. Choroidal thickness of eyes in the FG.DS.MD group was a mere 25% of that in eyes in the normal and DS groups. Flattened blood vessels were found in the DS.MD choroid, but not a single lumen of any blood vessel was visible in the FG.DS.MD group. Thus in descending order, if choroidal thickness was considered to be 100% in the eyes of the normal and DS groups, then choroidal thickness in DS.MD was 60% of normal eyes, approx. 50% of normal in FG.DS eyes, and only 25% of normal in FG.DS.MD eyes.
Retinal thinning, reported in previous histological studies of form deprived eyes (Ehrlich et al., 1990) , was also found in the DS.MD group with retinal thickness approx. 85% of that in the DS controls. In comparison, the retinal thickness of the FG.DS.MD eyes was reduced by 5 6% compared with the DS controls. However, it was extremely difficult to reliably estimate the thickness change in the FG.DS.MD retinae because of subretinal tears. There was marked swelling of the somata of the innermost layer of the inner nuclear layer and reduction in the size of the ganglion cells in both groups of monocularly deprived animals. Surprisingly, in view of the severe restrictions of the blood supply to the retina of the FG.DS.MD eyes, the inner nuclear layer, the inner plexiform and axonal layers were increased in thickness relative to the DS.MD eyes. This is possibly due to intracellular and extracellular oedema as can be seen in the smaller, darker and more conspicuous nuclei in both the inner nuclear and ganglion cell layers. 
ERG results
Descriptive data on ERGs recorded from Chicks 1-5 are shown in Table 2 . The a-and b-wave amplitudes and latencies from light-adapted, flash ERGs recorded simultaneously from FG-treated eyes were similar to those recorded from fellow DS-treated control eyes. The ERG data indicate that there is not an elimination of outer retinal function in FG-treated eyes. Fig. 3(B) ], in terms of amplitude and latency.
Representative ERGs recorded from Chick 3, from the FG.DS treatment group, are shown in Fig. 4 . ERGs recorded from the FG.DS treated eye [ Fig. 4(A) ], were very similar to those recorded from the fellow control eye [ Fig. 4(B) ], which was treated with DS only. b-Waves recorded from both eyes of Chick 3 had similar amplitudes and latencies, although a-waves were consistently larger in the FG.DS eye (Table 2) . ERG parameters recorded from Chicks 4 and 5 from the DS.MD group are also shown in Table 2 . ERGs evoked from DS.MD eyes were similar to those recorded from Descriptive biometric data on ocular parameters of chicks from which ERGs were recorded (Chicks 1 5), measured on day 16. ERGs were recorded from these animals.
fellow control eyes, treated with DS only. For Chick 5, b-waves of both eyes were abnormally small because the animal was dying. Descriptive biometric data on ocular parameters of Chicks 1-5, measured on day 16, are shown in Table 3 . Corneal measurements were taken on Chicks 1 and 2 only. Comparison with collective (averaged) biometric data for chicks in the four experimental groups ( Table 1) , indicates that FG-induced changes in the ocular parameters of chicks used in ERG recordings follow the same pattern as other chicks in the same treatment group.
DISCUSSION
This study shows that administration of FG, at a dosage insufficient to induce retinal blindness, prevents form deprivation refractive myopia, and restricts the degree of axial elongation. In addition, the consequences of FG administration on retina-RPE~zhoroid structure have been evaluated, as a means of elucidating the mechanism of form deprivation myopia.
Biometry /refraction
Refraction results clearly show that FG inhibits the development of form deprivation myopia even when administered intravitreally. Monocularly deprived eyes injected with FG dissolved in DS (FG.DS.MD eyes) were significantly less myopic than eyes injected with DS and occluded (DS.MD eyes).
It has been reported that periods of 2 hr of normal vision per day reduces the development of form deprivation myopia (Nickla, Panos, Fugate-Wentzek, Gottlieb & Wallman, 1989 ). However we are confident in this experiment that the FG.DS inhibition of deprivation myopia is attributable to FG, and not to the brief 5 min of light to which our chicks were exposed during the injection procedure, for the following reasons. Firstly, all occluded eyes, whether they were injected with FG or DS, were exposed to the same periods of light, but only the FG.DS.MD eyes (not DS.MD eyes), failed to become myopic. Exposure to this amount of normal daylight, if it had any effect in reducing form deprivation myopia, should have affected both DS.MD and FG.DS.MD eyes equally. Secondly, our MD chicks were exposed to light for only 40 min total, not 2 hr every day as in Nickla et al.'s study. Although intravitreal FG prevented the development of deprivation induced refractive myopia, it did not completely eliminate axial elongation in occluded eyes. This may be a dose-related effect, since systemic doses of FG, which cause retinal blindness, appear to completely eliminate axial elongation in lid-sutured chick eyes (Oishi & Lauber, 1988) . It is also possible that minor effects of intravitreal FG on other refractive components of the eye are responsible for the discrepancy between refractive and axial changes. However, unlike chicks raised with systemic FG and monocular deprivation which had smaller than normal corneal diameter and anterior chamber depth (Oishi & Lauber, 1988) , results from the present study show that intravitreal FG had no such effect on anterior chamber depth or corneal radius. The major effects produced on component lengths by FG in conjunction with MD were changes in vitreous chamber depth and in lens thickness. While it is likely that a thinner lens would also be flatter (resulting in less myopia and partially explaining the refraction/axial length discrepancy), a thinner lens could also directly contribute to the increase in vitreous chamber length observed, without enlargement of the globe. It is not known whether these effects are dose related. It has been suggested that anterior segment growth in chick is under systemic regulation (Lauber & Oishi, 1987) whereas posterior segment enlargement which results from form deprivation (or continuous illumination) is under ocular and visual control. Pharmacological studies have also suggested differential regulation of the anterior and posterior segment growth of the chick eye (Wildsoet & Pettigrew, 1988b) and it is also possible that the mode of form deprivation may differentially influence anterior segment development. However, this is not particularly relevant here as in our study comparison of FG.DS.MD and DS treated animals showed that the only significantly different ocular component was vitreous chamber depth.
Histology
Results suggest that the intraocular route of FG administration has less severe retinal, and presumably choroidal effects, than the systemic route. It is likely that chick eyes treated with intravitreal FG had access to vitamin B and other depleted amino acids from systemic stores (levels of which are decreased in retinae of chicks treated with systemic FG) (Obara et al., 1985) . Comparison of histological appearances of retinae from the present study with those treated with systemic FG reveals less severe retinal damage in the former (Liang, Crewther, Crewther & Collin, 1993) . This supports the conclusion of Li et al. (1992) that only very minor anatomical and/or functional changes in a particular retinal element may be sufficient to prevent form deprivation myopia.
Ultrastructural reports of FG's sites of action confine the morphological changes to the RPE and the photoreceptors (Obara et al., 1985; Liang et al., 1993) at least for 4-5 weeks after intravitreal administration (Liang et al., 1993) . Liang et al. examined several of the eyes from each of our four groups ultrastructurally following 2 and 4 weeks of treatment.
Our light microscopy results show that eyes in the various treatment groups exhibited different degrees of choroidal thinning.
Monocularly deprived eyes (FG.DS.MD and DS.MD groups) had significantly thinner than normal choroids. This effect was not due to injections of DS, because eyes in the DS group had comparable choroidal thickness to the normal eye, while eyes in all other treatment groups (DS.MD, FG.DS.MD and FG.DS) had thinner choroids. In the light of recent reports showing an association between choroidal thickness and recovery from deprivation myopia in chick (Wallman et al., 1992) our results are of particular interest. Wallman (1993) hypothesises that the choroid may play a causal role in induction and recovery from deprivation induced myopia in chick, based on evidence that transient changes in choroidal thickness occur when normal vision is restored. Changes in choroidal thickness are also found in chick eyes made functionally myopic or hyperopic with defocusing lenses, as well as when the artificial defocus is removed (Wallman et al., 1992) . Wallman considers that the thickened choroid pushes the retina forward to partially compensate for artificially imposed myopic defocus. Vascular perfusion of the choroid has also been implicated in the genesis of myopia in chick, following the discovery that chick eyes which become abnormally enlarged due to visual deprivation induced by wearing translucent domes (Reiner et al., 1991; Shih et al., 1993d) or corneal scarring and astigmatism (Shih, Fitzgerald & Reiner, 1993b) , have reduced CBF. Shih et al. have raised the possibility that reductions in CBF facilitate ocular enlargement in chick (Shih et al., 1993b) . However, it appears unlikely that a decrease in choroidal flow is the primary cause of myopia, since artificial reduction of CBF in chick, by severing choroidal and ciliary nerves, does not cause ocular enlargement (Shih, Fitzgerald & Reiner, 1993c) .
Our light microscopical finding of differential choroidal thinning in the various treatment groups suggests that choroidal thinning per se, does not necessarily cause deprivation induced ocular enlargement in chick, for the following reasons. Firstly, eyes in the FG.DS group had a significantly thinned choroid. If a thinner choroid caused (facilitated) ocular enlargement, one would predict that eyes injected with FG would exhibit myopic enlargement (since FG is associated with choroidal thinning). However, biometric data clearly show that FG.DS treated eyes do not differ from DS control eyes in refractive error or eye size. Thus it is unlikely that reductions in choroidal thickness underlie refractive myopic enlargement. Secondly, and most interestingly, choroidal thinning is more marked in eyes in the FG.DS.MD group than DS.MD eyes. Ifchoroidal thinning promotes eye enlargement one would expect FG.DS.MD eyes (with thinner choroid) to be more axially elongated and myopic than DS.MD eyes. This was not found to be the case.
How FG actually prevents form deprivation myopia in the chick eye is unknown. The local nature of the mechanism underlying form deprivation myopia makes it likely that there is a connection between the regulation of eye growth and FG's known biochemical and histopathological actions on the mitochondria of the RPE and photoreceptors (Obara et al., 1985; Liang et al., 1993) . However the lack of deprivation induced axial elongation may just reflect the severity of the reduction in vascular supply, and hence import of energy nutrients to the retina and removal of debris from the photoreceptor and RPE cells of the FG.DS.MD treated eyes. The idea that the RPE/photoreceptors may contribute to form deprivation myopia is supported by other pharmacological studies which also show that substances which are toxic to the RPE (e.g. sodium iodate or gentamycin) (Shih et al., 1993a) and photoreceptors (tunicamycin) (Ehrlich et al., 1990) all inhibit the development of form deprivation myopia in chick.
ERGs
ERG a-and b-waves are a frequently used clinical measure of functional retinal integrity of the photoreceptors and outer retina (Heckenlively, Weleber & Arden, 1991) . The ERG a-wave is considered to be a reflection of photoreceptor activity (Brown, 1968) , while the b-wave is generally thought to be generated by current flow through Mfiller cells as a sequel to bipolar cell activity (Stockton & Slaughter, 1989; Miller & Dowling, 1970) . Here, ERGs were recorded simply to determine whether the FG-treated eyes were retinally blind as reported elsewhere. Our behavioural observations had suggested that these eyes were not blind. That an ERG could be recorded from FG-treated eyes confirmed that they were not retinally blind, and that phototransduction had not been abolished. Thus in conjunction with our general behavioural observations, the result demonstrates that FG prevents deprivation myopia in chick even in animals in whom phototransduction and basic visual function have been retained. This does not support the hypothesis (Oishi & Lauber, 1988 ) that FG prevents deprivation myopia by causing retinal blindness and inhibiting retinal activity. The same explanation was given for genetically blind rod/cone dystrophy chicks failing to develop deprivation myopia when deprived of form vision (Lauber & Oishi, 1989) . In other words, it was surmised that FG inhibits deprivation myopia by preventing the retina from detecting the visual stimulus for the myopic growth and necessarily abolishing retinal transmission (by abolishing phototransduction).
Recent evidence suggests that only slight changes in retinal function are sufficient to prevent deprivation myopia. Intraocular administration of the neurotoxin 6-hydroxydopamine at doses which do not effect the ERG (Li et al., 1992) but which deplete retinal stores of dopamine, and lesion dopaminergic neurons, also inhibits deprivation myopia.
In this study, suprathreshold flash ERGs were recorded, simply to determine whether the FG-treated eyes were retinally blind. It remains to evaluate the effects of FG on outer retinal function by recording flash ERG responses as a function of stimulus intensity. In addition, since the flash ERG reveals little about inner retinal activity, and in view of changes observed in amacrine and ganglion cells at a light microscope level, it is possible that FG affects signal transmission in the proximal retina.
